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1
CARBON NANOSTRUCTURE, CAPACITOR,
METHOD FOR PROCESSING CARBON
NANOSTRUCTURE, AND METHOD FOR
PRODUCING CARBON NANOSTRUCTURE

TECHNICAL FIELD

The present invention relates to a carbon nanostructure, a
capacitor, a method for processing the carbon nanostructure
and a method for producing the carbon nanostructure, and
more specifically to a carbon nanostructure shaped to extend
in one direction, a capacitor using the carbon nanostructure, a
method for processing the carbon nanostructure and a method
for producing the carbon nanostructure.

BACKGROUND ART

Conventionally, a carbon nanostructure such as carbon
nanotube (CNT) has been known (see Japanese Patent Lay-
ing-Open No. 2010-99572 (hereinafter referred to as patent
document 1), for example).

CITATION LIST

Patent Document
PTD 1: Japanese Patent Laying-Open No. 2010-99572

SUMMARY OF INVENTION
Technical Problem

A carbon nanostructure such as a carbon nanotube is a
structure formed by carbon atoms aligned to have a diameter
of the nanometer level, and is studied for application to vari-
ous fields such as electronic industry material. As the carbon
nanostructure is a relatively new material, methods for con-
trolling the carbon nanostructure’s electrical and other char-
acteristics, methods for processing the carbon nanostructure,
and, furthermore, devices utilizing the carbon nanostructure
are widely studied and expected to be applied to various
fields.

Solution to Problem

The present inventors have diligently studied carbon nano-
structure and obtained new findings as follows: More specifi-
cally, the present inventors have found such a new phenom-
enon that when a vibrated carbon nanostructure is exposed to
an energy beam, the carbon nanostructure varies in length.
Such a variation in length of the carbon nanostructure is a
phenomenon caused by vibrating the carbon nanostructure or
causing the carbon nanostructure to undergo similar stress,
and in that condition, exposing the carbon nanostructure to an
energy beam. Furthermore, the energy beam can be modified
in level of energy to allow the carbon nanostructure to be
varied in length in a variable amount. Furthermore, the carbon
nanostructure varied in length as above also has its electrical
resistance varied between before and after its variation in
length. The carbon nanostructure is vibrated not only by
vibrating a member having the carbon nanostructure secured
thereto; vibrating a holder having a surface with the carbon
nanostructure mounted thereon to indirectly vibrate the car-
bon nanostructure also allows the carbon nanostructure to be
observed to vary in length as it is exposed to an energy beam.
A method for processing a carbon nanostructure according to
the present invention based on such a finding as above
includes the steps of preparing a carbon nanostructure, and
exposing the carbon nanostructure to an energy beam while
vibrating the carbon nanostructure.
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This allows the carbon nanostructure’s length in one axial
direction to be varied by adjusting energy radiated by the
energy beam. Furthermore, according to the inventors’ find-
ings, the carbon nanostructure varied in length as it is exposed
to the energy beam also has its electrical characteristics (e.g.,
avalue in electric resistance) varied between before and after
the exposure to the energy beam. This allows a plurality of
types of carbon nanostructures having different lengths and/
or different electrical characteristics to be obtained from one
type of carbon nanostructure, for example.

Furthermore, the carbon nanostructure reduced in length as
it is exposed to an energy beam has a larger surface area per
unit volume than before it is exposed to the energy beam.
Accordingly, applying the carbon nanostructure of the
present invention to an application in which the carbon nano-
structure’s surface area affects its characteristics allows the
characteristics to be modified as desired. For example, if the
carbon nanostructure of the present invention is utilized as an
electrode of a capacitor, the capacitor can have the same size
as conventional and despite that have an electrode having an
area and hence capacitance larger than conventional.

Note that a carbon nanostructure as referred to herein is a
substance having a structure configured of carbon atoms on
the order of nanometers, and it is for example a carbon nano-
tube (of a single layer or multiple layers).

A method for producing a carbon nanostructure according
to the present invention employs the method for processing a
carbon nanostructure as described above. This allows an
energy beam with appropriately modified energy to be used to
allow a single type of carbon nanostructure to be used as a
starting material to produce therefrom a plurality of types of
carbon nanostructures having different lengths and different
electrical characteristics.

A carbon nanostructure according to the present invention
is produced by employing the method for producing a carbon
nanostructure as described above. The obtained carbon nano-
structure is for example a carbon nanostructure extending in
one direction and having a sidewall, and the sidewall is peri-
odically bent relative to that one direction. The inventors
observed a sidewall of a carbon nanostructure obtained by
applying the method for processing the carbon nanostructure
or that for producing it as described above and as a result have
found that the sidewall is periodically corrugated. The peri-
odically corrugated sidewall allows the carbon nanostructure
as seen in a direction in which it extends (i.e., the one direc-
tion mentioned above) to have a surface area per unit length
larger than a carbon nanostructure uncorrugated (or unex-
posed to an energy beam). The carbon nanostructure can thus
have an increased surface area per unit volume, and if the
carbon nanostructure of the present invention is applied for
example to a catalyst, the catalyst can have an increased
reaction area (or surface area) per unit volume.

A capacitor according to the present invention includes a
pair of electrodes including a carbon nanostructure, and an
electrolyte and a separator disposed between the paired elec-
trodes. The electrode that includes the present carbon nano-
structure can remain unchanged in size and despite that have
a larger surface area than that including a conventional, typi-
cal carbon nanostructure. The capacitor can thus have a larger
capacitance than conventional.

Advantageous Effect of Invention
The present invention can thus facilitate providing carbon
nanostructures having different lengths and different electri-
cal characteristics.

BRIEF DESCRIPTION OF DRAWINGS

FIG.1is a flowchart for illustrating a method for producing
a carbon nanotube according to the present invention.
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FIG. 2 is a schematic diagram for illustrating an exposure
step indicated in FIG. 1.

FIG. 3 is a perspective schematic view of a carbon nano-
tube after the exposure step is performed.

FIG. 4 schematically shows a cross section of a sidewall of
the FIG. 3 carbon nanotube in a region IV.

FIG. 5 schematically shows a first exemplary variation of
the exposure step (S20) indicated in FIG. 1.

FIG. 6 schematically shows a second exemplary variation
of the exposure step (S20) indicated in FIG. 1.

FIG. 7 schematically shows a third exemplary variation of
the exposure step (S20) indicated in FIG. 1.

FIG. 8 schematically shows a capacitor using the carbon
nanotube according to the present invention.

FIG. 9 is a flowchart for illustrating a method for producing
the capacitor shown in FIG. 8.

FIG. 10 is a schematic diagram for illustrating an exposure
step included in a constituent member preparation step indi-
cated in FIG. 9.

FIG. 11 is a photographic image of what states a specimen
of'a comparative example of an experiment 1 has before and
after it is exposed to an electron beam.

FIG. 12 is a photographic image of what states a specimen
of an example of the present invention of experiment 1 has
before and after it is exposed to an electron beam.

FIG. 13 is a graph representing a result of an experiment 2.

FIG. 14 is a graph representing a result of an experiment 3.

DESCRIPTION OF EMBODIMENTS

Hereinafter reference will be made to the drawings to
describe the present invention in embodiments. In the figures,
identical or corresponding components are identically
denoted and will not be described repeatedly in detail.

With reference to FIG. 1 and FIG. 2, the present invention
provides a method for producing a carbon nanotube, as will
be described hereinafter.

As shown in FIG. 1, the present invention provides a
method for producing a carbon nanotube that is one example
of'a carbon nanostructure, as follows: Initially, a carbon nano-
tube (CNT) preparation step (S10) is performed. Specifically,
as shown in FIG. 2, a carbon nanotube 1 is disposed so as to
connect a surface of a holder of metal 5 and a tip of a canti-
lever 2 therebetween. Holder 5 and carbon nanotube 1 can be
connected in any method and so can carbon nanotube 1 and
cantilever 2. For example, carbon nanotube 1 is brought into
contact with holder 5 to electrically conduct to bond a carbon
component that is adsorbed to the surface of holder 5 and
carbon nanotube 1 together. As a result, as shown in FIG. 2,
carbon nanotube 1 is disposed to connect cantilever 2 and the
surface of holder 5.

Herein, carbon nanotube 1 can be a single-wall nanotube
(SWNT) formed of a carbon layer (graphene) provided in the
form of a single layer cylindrically, a multiwall nanotube
(MWNT) formed of a multiple carbon layers stacked cylin-
drically, or the like. Carbon nanotube 1 can have a length for
example equal to or larger than 1 um and equal to or smaller
than 3 pm. Furthermore, if carbon nanotube 1 is an MWNT,
carbon nanotube 1 has a diameter for example of approxi-
mately 10 nm. Furthermore, if carbon nanotube 1 is an
SWNT, carbon nanotube 1 has a diameter for example of
approximately 2 nm.

Then, an exposure step (S20) shown in FIG. 1 is performed.
More specifically, carbon nanotube 1 is exposed to an elec-
tron beam while carbon nanotube 1 is ultrasonically vibrated,
as shown in FIG. 2. More specifically, carbon nanotube 1 has
one end secured to holder 5, which has a back surface con-
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nected to a piezoelectric element 6. Piezoelectric element 6 is
electrically connected to an oscillator 7. By controlling elec-
tric power from oscillator 7, piezoelectric element 6 ultra-
sonically vibrates. This ultrasonic vibration vibrates holder 5
and carbon nanotube 1 connected to holder 5. Then carbon
nanotube 1 that is ultrasonically vibrated is exposed to an
electron beam 4 in a previously vacuumed processing cham-
ber 20.

Note that the ultrasonic wave can be applied in any method
other than the above. For example, an ultrasonic vibrator such
as piezoelectric element 6 may be connected to cantilever 2
and carbon nanotube 1 may be vibrated via cantilever 2.

Note that the ultrasonic wave applied can have a frequency
with any wavelength, and the frequency can for example be
1.2 MHz. Furthermore, the electron beam can have aradiation
energy value of a numerical range for example equal to or
larger than 300 eV and equal to or smaller than 30 keV, more
preferably equal to or larger than 1 keV and equal to or
smaller than 30 keV. Thus exposing carbon nanotube 1 to an
energy beam while vibrating carbon nanotube 1 allows car-
bon nanotube 1 to have a longitudinal length varied (e.g.,
reduced) as compared with that before it is exposed to the
energy beam.

Carbon nanotube 1 thus vibrated and therewhile exposed to
an energy beam and thus reduced in length has a sidewall
corrugated as shown in FIGS. 3 and 4 and hence an overall
axial length shorter than before it is exposed to the energy
beam.

As shown in FIG. 3 and FIG. 4, carbon nanotube 1 accord-
ing to the present invention has its sidewall deformed to be
periodically corrugated (or bent) relative to its axial direction
(a direction in which carbon nanotube 1 extends), and thus
has an overall length shorter than before it is exposed to an
energy beam.

With reference to FIG. 5, the exposure step (S20) will be
described in an exemplary variation.

The FIG. 5 exposure step is basically similar to the FIG. 2
exposure step except that how carbon nanotube 1 is disposed.
More specifically, carbon nanotube 1 is disposed on a surface
ofholder 5, rather than secured to holder 5. In that condition,
an ultrasonic wave generated by piezoelectric element 6 is
used to vibrate holder 5 and carbon nanotube 1. Carbon
nanotube 1 is exposed to electron beam 4 and can thus be
reduced in length similarly as has been shown in FIG. 2.

While the surface of holder 5 that bears carbon nanotube 1
thereon may be flat as shown in FIG. 5, preferably, it is rough
to an extent. Furthermore, as shown in FIG. 6, holder 5 may
have an irregular surface.

Holder 5 shown in FIG. 6 is basically similar in structure to
holder 5 shown in FIG. 5, except for its surface condition.
More specifically, holder 5 shown in FIG. 5 bears carbon
nanotube 1 on a surface thereof having a plurality of projec-
tions 13. Preferably, projections 13 have their respective ver-
tices having a distance therebetween smaller than the length
of carbon nanotube 1. This allows carbon nanotube 1 to have
aportion in contact with contact holder 5 over a reduced area
to effectively prevent carbon nanotube 1 from adhering to the
surface of holder 5. This ensures that an ultrasonic wave
generated by piezoelectric element 6 vibrates carbon nano-
tube 1.

FIG. 7 schematically shows a third exemplary variation of
the exposure step (S20) indicated in FIG. 1 and shows an
exemplary variation of a method for mounting carbon nano-
tube 1 on holder 5. As shown in FIG. 7, a plurality of carbon
nanotubes 1 may be provided on a surface of holder 5 to
extend in a direction transverse (e.g., perpendicular) to that
surface. Holder 5 may have a lateral end face with piezoelec-
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tric element 6 connected thereto and generating an ultrasonic
wave to vibrate the plurality of carbon nanotubes 1. Exposing
carbon nanotube 1 to electron beam 4 in this condition also
allows carbon nanotube 1 to have a reduced length, similarly
as in the structure described above.

Note that piezoelectric element 6 may be disposed simi-
larly as shown for example in FIG. 6, i.e., on a back surface of
holder 5.

Thus the present method for processing a carbon nano-
structure provides a carbon nanotube having a sidewall hav-
ing an irregular surface and hence a larger surface area per
unit volume than a conventional carbon nanotube. Accord-
ingly, the carbon nanotube may be used in an application
involving a reaction relevant to its surface area, and for
example carbon nanotube 1 may be used to produce a capaci-
tor 30 as shown in FIG. 8. With reference to FIG. 8, a capaci-
tor using the carbon nanotube according to the present inven-
tion will be described.

With reference to FIG. 8, capacitor 30 is formed of a
collector electrode 31, carbon nanotube 1 of the present
invention formed on a surface of collector electrode 31, and a
separator 32 disposed between two collector electrodes 31
and sandwiched by a plurality of carbon nanotubes 1. Sepa-
rator 32 is impregnated with electrolyte. Capacitor 30 thus
includes carbon nanotube 1 used as an electrode that has a
surface area per unit volume larger than a conventional car-
bon nanotube, and capacitor 30 can be increased in capaci-
tance (electrostatic capacity) while remaining unchanged in
size.

FIG. 9 is a flowchart for illustrating a method for producing
the capacitor shown in FIG. 8. FIG. 10 is a schematic diagram
for illustrating an exposure step included in a constituent
member preparation step indicated in FIG. 9. A method for
producing capacitor 30 shown in FIG. 8 will be described
with reference to FIG. 9 and FIG. 10.

As shown in FIG. 9, a constituent member preparation step
(8100) is initially performed. Specifically, the FIG. 8 capaci-
tor’s collector electrode 31 with a surface provided with
carbon nanotube 1 and separator 32 impregnated with elec-
trolyte are prepared. Carbon nanotube 1 can be provided on
the surface of collector electrode 31 in any conventionally
well known method. Collector electrode 31 provided with
carbon nanotube 1 undergoes the exposure step (S20) shown
in FIG. 1 according to the present invention to reduce carbon
nanotube 1 in length (or form carbon nanotube 1 having a
sidewall having a surface having an irregular structure).

Specifically, as shown in FIG. 10, collector electrode 31
provided with carbon nanotube 1 is mounted on holder 5.
Then by controlling electric power from oscillator 7 piezo-
electric element 6 is driven to generate an ultrasonic wave.
The ultrasonic wave vibrates holder 5 and carbon nanotube 1,
while carbon nanotube 1 is exposed to electron beam 4. Note
that in doing so, preferably, processing chamber 20 is inter-
nally vacuumed (for example has an ambient pressure equal
to or larger than 1x10~* Pa and equal to or smaller than
1x1073 Pa). As a result, carbon nanotube 1 has a surface with
an irregular structure and is also reduced in length.

Then, an assembly step (S200) indicated in FIG. 9 is per-
formed. Specifically, two collector electrodes 31 with carbon
nanotubes attached thereto, as obtained through the process
as described above, are disposed opposite and separator 32 is
disposed therebetween. Capacitor 30 shown in FIG. 10 can
thus be obtained.

Experiment 1

To confirm that a carbon nanotube exposed to an energy
beam while vibrated has been deformed, an experiment was
conducted as follows:
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Specimen

An SWNT carbon nanotube was prepared as a specimen
for an example of the present invention and that for a com-
parative example. A carbon nanotube serving as the specimen
of the example of the present invention was disposed to con-
nect holder 5 and cantilever 2 therebetween, as shown in FIG.
2. In contrast, a carbon nanotube serving as the specimen of
the comparative example had one end secured to a probe
needle 3. Note that the prepared carbon nanotubes had a
diameter of approximately 2.0 nm and a length of approxi-
mately 1.0 um. Note that the carbon nanotube used herein was
provided in the form of a bundle of a plurality of carbon
nanotubes, and the carbon nanotube bundle had a diameter of
approximately 100 nm. Hereinafter, this carbon nanotube
bundle will also simply be referred to as a carbon nanotube.

Experiment

Each specimen prepared as described above was exposed
to an electron beam serving as an energy beam, as has been
described with reference to FIG. 2. It should be noted, how-
ever, that for the example of the present invention, the speci-
men was exposed to the electron beam with piezoelectric
element 6 applying an ultrasonic wave having a frequency of
1.2 MHz, whereas for the comparative example, the specimen
was not vibrated when it was exposed to the electron beam.
Specifically, the specimen of the example of the present
invention and that of the comparative example were exposed
to an electron beam radiating an energy of 5 keV.

Result

A result of the above experiment will be described with
reference to FIG. 11 and FIG. 12. Note that FIG. 11(a) and
FIG. 12(a) show photographic images of the specimens
before they were exposed to the electron beam, and FIG.
11(b) and FIG. 12() show photographic images of the speci-
mens after they were exposed to the electron beam.

As shown in FIG. 11, the carbon nanotube exposed to the
electron beam while it was not vibrated, i.e., the specimen of
the comparative example, was not observed to have signifi-
cant variation in length. In the example of the present inven-
tion, in contrast, it has been observed that the carbon nanotube
had a varied axial length. Specifically, with reference to FI1G.
12, the carbon nanotube exposed to an electron beam having
an energy of 5 keV while it was vibrated had a length reduced
to approximately 80-90% of that before it was exposed to the
electron beam (see FIG. 12(a)), as shown in FIG. 12(5). As
can be seen from FIG. 11 and FIG. 12, it has been shown that
simply exposing the carbon nanotube to an electron beam
does not change the carbon nanotube in length and that expos-
ing the carbon nanotube to an electron beam while vibrating
the carbon nanotube varies the carbon nanotube in length.

Experiment 2

To examine what relationship the electron beam’s dosage
in the exposure step has with how much amount in length the
carbon nanotube varies, and how differently the carbon nano-
tube is affected by different manners of applying stress
thereto, an experiment was conducted as follows:

Specimen

As a specimen, a carbon nanotube (a single wall nanotube
(SWNT)) was prepared. Note that the prepared SWNT had a
diameter of approximately 2.0 nm and a length of approxi-
mately 1.0 um. Then, four experiment systems were prepared
having such carbon nanotubes secured to connect a holder
and a cantilever therebetween, as shown in FIG. 2.

Experiment

In each experiment system, the specimen, or the carbon
nanotube, underwent stress in different conditions and in
addition the carbon nanotube was exposed to an electron
beam in different doses, and how the carbon nanotube varied
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in length was thus observed. The electron beam was dosed in
arange of 0-0.08 C/cm?*. Note that the electron beam’s accel-
eration voltage was set to 5 keV.

The carbon nanotube underwent stress in the following
four conditions: 1) neither tensile stress nor vibration was
applied; 2) tensile stress was singly applied; 3) ultrasonic
vibration was singly applied; and 4) tensile stress and ultra-
sonic vibration were both applied. The ultrasonic vibration
was applied with an ultrasonic wave having a frequency of 1.2
MHz. Furthermore, the tensile stress applied had a value of
approximately 0.8 GPa.

Result

How the carbon nanotube varied in length was evaluated by
an index referred to as a shrinkage rate. Herein, a shrinkage
rate is ((the carbon nanotube’s length before the exposure to
the electron beam) minus (the carbon nanotube’s length after
the exposure to the electron beam)) divided by (the carbon
nanotube’s length before the exposure to the electron beam).
A result thereof is shown in FIG. 13.

FIG. 13 is a graph representing a result of the experiment
with the axis of abscissa representing a radiated electron
beam in dose. The unit of the axis of abscissa is C/cm?.
Furthermore, the axis of ordinate represents the shrinkage
rate as described above. Furthermore, in FIG. 13, the data for
condition 1 (no operation: neither vibration nor tensile stress
applied) is represented by a black circle, and the data for
condition 2 (tensile stress alone) is represented by a black
rhombus. Furthermore, the data for condition 3 (ultrasonic
vibration alone) is represented by a white square, and the data
for condition 4 (tensile stress+ultrasonic vibration) is repre-
sented by a white triangle.

As can also be seen from FIG. 13, there was no substantial
difference between the data for conditions 2-4. It is believed
that this indicates that applying ultrasonic vibration and
applying tensile stress are equivalent as an operation in the
present method for processing a carbon nanostructure. Note
that it can be seen from the FIG. 13 graph that increasing the
electron beam in dosage provides a shrinkage rate having a
reduced value (i.e., provides shrinkage in an increased
amount). In contrast, under condition 1, i.e., with neither
vibration nor tensile stress applied, exposing the carbon nano-
tube to an electron beam did not substantially vary the carbon
nanotube in length.

Experiment 3

Then, the carbon nanotube was subjected to a resonance
Raman shift measurement before and after the exposure step
performed with an ultrasonic wave applied thereto.

Specimen

An SWNT was prepared as a specimen. As has been done
in experiment 2, the SWNT was secured between holder 5 and
cantilever 2, as shown in FIG. 2. Note that the prepared
SWNT had a diameter of approximately 2.0 nm and a length
of approximately 1.0 um.

Experiment

The prepared specimen was initially subjected to a reso-
nance Raman shift measurement before it was exposed to an
electron beam. Subsequently the specimen was exposed to an
ultrasonic wave and in that condition the specimen was
exposed to the electron beam. After the carbon nanotube was
exposed to the electron beam, the carbon nanotube was again
subjected to the resonance Raman shift measurement. Note
that the radiated electron beam had an energy set to SkeV and
the carbon nanotube was exposed thereto until the carbon
nanotube shrank in length by approximately 3%.

Note that the resonance Raman shift measurement was
done with a micro Raman spectrophotometer. The micro
Raman spectrophotometer was used with a light source
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implemented as a He—Ne laser having a wavelength is 632.8
nm. Note that the micro Raman spectrophotometer typically
includes: a light source (a laser light source) emitting the laser
beam as described above; an optical system allowing the laser
beam emitted from the light source to pass through an objec-
tive lens of a microscope and thus be incident on a specimen
to be analyzed; a spectroscope for splitting light scattered
from the specimen (a Raman scattering component); a filter
for introducing the scattered light into the spectroscope; and
a detector for detecting the Raman scattering component split
by the spectroscope. The detector can for example be an
optical multichannel analyzer using a CCD.

Result

The above measurement result will be described with ref-
erence to FIG. 14. In FIG. 14, the axis of abscissa represents
Raman shift (unit: cm™), and the axis of ordinate represents
intensity as measured (unit: arbitrary). In FIG. 14, (a) denotes
agraph (or anupper curve) representing data measured before
the exposure to the electron beam, whereas (b) denotes a
graph (or a lower curve) representing data measured after the
exposure to the electron beam (i.e., after the carbon nanotube
shrank in length by 3%).

As can be seen from FIG. 14, before the electron beam was
applied to the carbon nanotube, a G band peak was observed,
whereas after the electron beam was applied to the carbon
nanotube, the G band peak was significantly decreased in
intensity.

Hereinafter, a configuration characteristic to the present
invention will be enumerated although some thereof overlap
the embodiments described above. A method for processing a
carbon nanostructure according to the present invention
includes the steps of preparing a carbon nanostructure (e.g.,
carbon nanotube 1) (a CNT preparation step (S10)), and
exposing carbon nanotube 1 to an energy beam (e.g., an
electron beam) while vibrating carbon nanotube 1 (an expo-
sure step (S20)). Note that the energy beam other than the
electron beam can for example be light, an x ray or a similar
electromagnetic wave, corpuscular radiation or any similar
radiation.

This allows carbon nanotube 1 as seen in one axial direc-
tion to be modified in length by adjusting the energy radiated
by the electron beam. Furthermore, according to the inven-
tors’ findings, carbon nanotube 1 varied in length as it is
exposed to the energy beam also has its electrical character-
istics (e.g., a value in electric resistance) varied between
before and after the exposure to the electron beam. This
allows a plurality of types of carbon nanotubes having difter-
ent lengths and/or different electrical characteristics to be
obtained from one type of carbon nanotube 1, for example.

Furthermore, carbon nanotube 1 varied in length as it is
exposed to the energy beam, as described above, has a larger
surface area per unit volume than before it is exposed to the
energy beam. Accordingly, applying carbon nanotube 1 ofthe
present invention to an application in which carbon nanotube
1’s surface area affects its characteristics allows the charac-
teristics to be modified as desired. For example, if carbon
nanotube 1 of the present invention is utilized as an electrode
of capacitor 30, capacitor 30 can have an electrode having a
larger area than conventional while capacitor 30 has the same
size as conventional, and capacitor 30 can have a larger
capacitance than conventional.

The method for processing a carbon nanostructure, as
described above, may include the step of exposing carbon
nanotube 1 to an energy beam (the exposure step (S20)) while
ultrasonically vibrating carbon nanotube 1. Note that the
ultrasonic vibration applied can have a frequency for example
of 10 kHz or larger. Thus ultrasonically vibrating carbon



US 9,305,711 B2

9

nanotube 1 allows a locally sufficiently large stress to be
applied to carbon nanotube 1. This ensures that the energy
beam causes carbon nanotube 1 to vary in length. The ultra-
sonic vibration applied can preferably be set in frequency to
20 kHz or larger. Furthermore, the ultrasonic vibration can
have an upper limit in frequency set for example to 10 MHz.

The method for processing a carbon nanostructure, as
described above, may include the step of exposing carbon
nanotube 1 to an energy beam (the exposure step (S20)) while
vibrating carbon nanotube 1 in such a manner that, as shown
in FIG. 5, carbon nanotube 1 is mounted on a surface of holder
5 and in that condition holder 5 is vibrated. In that case,
carbon nanotube 1 is simply placed on holder 5, and it is not
necessary to connect carbon nanotube 1 to holder 5. This
facilitates performing the method for processing a carbon
nanostructure according to the present invention.

The method for processing a carbon nanostructure, as
described above, may include the step of exposing carbon
nanotube 1 to an energy beam (the exposure step (S20)) while
vibrating carbon nanotube 1 in such a manner that, as shown
in FIGS. 2 and 7, carbon nanotube 1 has at least a portion
secured to a surface ofholder 5 and in that condition holder 5
is vibrated. This ensures that carbon nanotube 1 is vibrated
and hence carbon nanotube 1 exposed to the energy beam is
reduced in length.

The method for processing a carbon nanostructure, as
described above, may include the step of preparing a carbon
nanostructure (the CNT preparation step (S10)) in such a
manner that, as shown in FIG. 10, carbon nanotube 1 is
secured to a surface of collector electrode 31 serving as a
support, and the step of exposing carbon nanotube 1 to an
energy beam (the exposure step (S20)) while vibrating carbon
nanotube 1 in such a manner that collector electrode 31 with
carbon nanotube 1 secured thereto is mounted on a surface of
holder 5 and in that condition holder 5 is vibrated. Note that
holder 5 may be vibrated in a manner as follows: piezoelectric
element 6 serving as a vibration generating member may be
connected to holder 5 and driven to (ultrasonically) vibrate
holder 5.

This allows a component including carbon nanotube 1
(e.g., a capacitor electrode that is collector electrode 31 hav-
ing a surface with a plurality of carbon nanotubes 1 connected
thereto) to be exactly mounted on holder 5 to allow carbon
nanotube 1 to be varied in length (i.e., have a sidewall peri-
odically bent (or provided with irregularity). This allows a
component that is previously prepared using carbon nanotube
1 to be subsequently subjected to the method for processing a
carbon nanostructure according to the present invention to
vary in length (or geometrically) carbon nanotube 1 included
in that component. This allows the component to have its
characteristics varied ex post.

The method for processing a carbon nanostructure, as
described above, may include the exposure step (S20) with
the energy beam implemented as an electron beam. This
ensures that carbon nanotube 1 varies in length. Furthermore,
the electron beam is changeable in energy level by changing
a voltage applied to accelerate electrons, and the electron
beam can thus be easily changed in energy level to adjust
carbon nanotube 1 in length and electrical characteristics.

The method for processing a carbon nanostructure, as
described above, may be performed with the energy beam
having an energy equal to or larger than 1 keV and equal to or
smaller than 30 keV. This ensures that carbon nanotube 1
exposed to the electron beam is reduced in length. Further-
more, this allows carbon nanotube 1 to have electrical resis-
tance having a value higher than before it is exposed to the
electron beam. Herein, the electron beam’s energy preferably
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has a lower limit set to 3 keV or larger, more preferably 5 keV
or larger. Note that preferably the electron beam or similar
energy beam radiates energy of at least 300 eV, which is a
threshold value to excite an inner-shell electron of a carbon
atom serving as a constituent of the carbon nanostructure.

The method for processing a carbon nanostructure, as
described above, may include the exposure step (S20) in such
a manner that carbon nanotube 1 is vibrated while heated and
in that condition carbon nanotube 1 is exposed to an energy
beam (e.g., an electron beam). In that case, carbon nanotube
1 can be heated in a different condition so that if the energy
beam provides energy fixed in level carbon nanotube 1 can
nonetheless be deformed (extended/reduced in length) to a
different extent or have electrical characteristics modified
and/or the like. That is, how carbon nanotube 1 should be
varied in length, electrical characteristics and the like can be
controlled by energy radiated by the energy beam and in
addition thereto how carbon nanotube 1 is heated. This pro-
vides an increased degree of freedom in modifying carbon
nanotube 1 in length, electrical characteristics and the like.

A method for producing a carbon nanostructure (e.g., car-
bon nanotube 1) according to the present invention employs
the method for processing a carbon nanostructure, as
described above. This allows an energy beam with appropri-
ately modified energy to be used to allow a single type of
carbon nanostructure (carbon nanotube 1) to be used as a
starting material to produce therefrom a plurality of types of
carbon nanostructures having different lengths and different
electrical characteristics.

A carbon nanostructure according to the present invention
that is implemented as carbon nanotube 1 is produced using
the method for producing a carbon nanostructure, as
described above. More specifically, according to the present
invention, carbon nanotube 1 is a carbon nanotube extending
in one direction and having a sidewall, and the sidewall is
periodically bent relative to that one direction, as shown in
FIG. 4. The periodically bent sidewall allows carbon nano-
tube 1 as seen in a direction in which it extends (i.e., the one
direction mentioned above) to have a surface area per unit
length larger than a carbon nanotube which is not bent (or
exposed to an energy beam). Carbon nanotube 1 can thus have
an increased surface area per unit volume, and if carbon
nanotube 1 of the present invention is applied for example to
a catalyst, the catalyst can have an increased reaction area (or
surface area) per unit volume.

According to the present invention, a capacitor includes a
pair of electrodes including carbon nanotube 1 that is one
example of the carbon nanostructure as described above (col-
lector electrode 31 having a surface with a plurality of carbon
nanotubes 1 connected thereto), and an electrolyte and sepa-
rator 32 disposed between the paired electrodes, as shown in
FIG. 8. The electrode that includes carbon nanotube 1 of the
present invention can have a larger surface area than that
including a conventional, typical carbon nanotube, while the
electrode can remain unchanged in size. The capacitor can
thus have a larger capacitance than conventional.

It should be understood that the embodiments disclosed
herein have been described for the purpose of illustration only
and in a non-restrictive manner in any respect. The scope of
the present invention is defined by the terms of the claims,
rather than the embodiments described above, and is intended
to include any modifications within the scope and meaning
equivalent to the terms of the claims.
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INDUSTRIAL APPLICABILITY

The present invention is advantageously applicable to a
linear carbon nanostructure extending in a predetermined
direction, in particular.

REFERENCE SIGNS LIST

1: carbon nanotube; 2: cantilever; 3: probe needle; 4: elec-
tron beam; 5: holder; 6: piezoelectric element; 7: oscillator;
13: projection; 20: processing chamber; 30: capacitor; 31:
collector electrode; 32: separator.

The invention claimed is:

1. A method for processing a carbon nanostructure, com-
prising the steps of:

preparing a carbon nanostructure; and

exposing said carbon nanostructure to an energy beam

while vibrating said carbon nanostructure by a means
different from said energy beam.

2. The method for processing a carbon nanostructure
according to claim 1, wherein the step of exposing said car-
bon nanostructure to said energy beam is performed with said
carbon nanostructure ultrasonically vibrated.

3. The method for processing a carbon nanostructure
according to claim 1, wherein the step of exposing said car-
bon nanostructure to said energy beam is performed in such a
manner that said carbon nanostructure is mounted on a sur-
face of a holder and in that condition said holder is vibrated to
vibrate said carbon nanostructure.

4. The method for processing a carbon nanostructure
according to claim 1, wherein the step of exposing said car-
bon nanostructure to said energy beam is performed in such a
manner that said carbon nanostructure has at least a portion
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secured to a surface of a holder and in that condition said
holder is vibrated to vibrate said carbon nanostructure.

5. The method for processing a carbon nanostructure
according to claim 1, wherein:

the step of preparing said carbon nanostructure is per-

formed with said carbon nanostructure secured to a sur-
face of a support; and

the step of exposing said carbon nanostructure to said

energy beam is performed in such a manner that said
support with said carbon nanostructure secured thereto
is mounted on a surface of a holder and in that condition
said holder is vibrated to vibrate said carbon nanostruc-
ture.

6. The method for processing a carbon nanostructure
according to claim 1, wherein the step of exposing said car-
bon nanostructure to said energy beam is performed with said
energy beam provided in a form of an electron beam.

7. The method for processing a carbon nanostructure
according to claim 6, wherein said electron beam has an
energy equal to or larger than 1 keV and equal to or smaller
than 30 keV.

8. A method for producing a carbon nanostructure, that
employs the method for processing a carbon nanostructure
according to claim 1.

9. A carbon nanostructure produced using the method for
producing a carbon nanostructure according to claim 8.

10. A capacitor comprising:

a pair of electrodes including a carbon nanostructure

according to claim 9; and

an electrolyte and a separator disposed between said pair of

electrodes.



